We presented a new method for the analysis of diffusion tensor imaging data sets that uses fiber bundles to enhance the quantitative analysis. By utilizing bundles the occurrence of adverse interpolation effects at the boundaries of white matter structures as a result of the non-linear spatial normalization is prevented. The method was used to assess hemispheric differences in selected fiber bundles using Fractional Anisotropy (FA) maps of 46 healthy volunteers. A statistical analysis was performed and adequate correction methods were employed to deal with statistical errors. In various bundles, statically significant differences were observed that are in line with the literature. as an extension to the conventional diffusion weighted imaging. For DTI the diffusion signal needs to be sampled in six or more linearly independent gradient directions in order to compute the 3 × 3 second-order diffusion tensor that provides three eigenvectors and the corresponding eigenvalues after diagonalization. The direction of the diffusion is then indicated by the main eigenvector, whilst the three eigenvalues characterize the diffusivity of the tissue protons along the three orthogonal orientations in space. Fiber tracking can then be used to reconstruct three-dimensional fiber tracts that approximate the underlying axonal nerve fibers at a microscopic level. Analysis of DTI data in multi-subject imaging studies is usually performed by analyzing quantitative diffusivity measures (e.g. Fractional Anisotropy (FA), Apparent Diffusion Coefficient (ADC), eigenvalues, etc.) with Voxel Based Morphometry (VBM) [3] or Tract Based Spatial Statistics (TBSS) [4] . In this contribution, we present a new method for the quantitative analysis of cerebral DTI-MRI data that employs fiber tracts to perform a selective and enhanced analysis of white matter fiber bundles. The method prevents the occurrence of adverse interpolation effects [5] at the boundaries of white matter structures that are a result of the non-linear spatial normalization, used to align differing brains of multiple subjects for the quantitative analysis. By performing the analysis for every bundle independently, contributions of voxels that do not belong to the analyzed bundles are suppressed.
Introduction
Diffusion Weighted Imaging (DWI) [1] has become a well-established Magnetic Resonance Imaging (MRI) technique that measures the translational displacement of water molecules in biological tissue, also known as Brownian motion.
In the mid-1990s Diffusion Tensor Imaging (DTI) was introduced by Basser et al. [2] as an extension to the conventional diffusion weighted imaging. For DTI the diffusion signal needs to be sampled in six or more linearly independent gradient directions in order to compute the 3 × 3 second-order diffusion tensor that provides three eigenvectors and the corresponding eigenvalues after diagonalization. The direction of the diffusion is then indicated by the main eigenvector, whilst the three eigenvalues characterize the diffusivity of the tissue protons along the three orthogonal orientations in space. Fiber tracking can then be used to reconstruct three-dimensional fiber tracts that approximate the underlying axonal nerve fibers at a microscopic level. Analysis of DTI data in multi-subject imaging studies is usually performed by analyzing quantitative diffusivity measures (e.g. Fractional Anisotropy (FA), Apparent Diffusion Coefficient (ADC), eigenvalues, etc.) with Voxel Based Morphometry (VBM) [3] or Tract Based Spatial Statistics (TBSS) [4] . In this contribution, we present a new method for the quantitative analysis of cerebral DTI-MRI data that employs fiber tracts to perform a selective and enhanced analysis of white matter fiber bundles. The method prevents the occurrence of adverse interpolation effects [5] at the boundaries of white matter structures that are a result of the non-linear spatial normalization, used to align differing brains of multiple subjects for the quantitative analysis. By performing the analysis for every bundle independently, contributions of voxels that do not belong to the analyzed bundles are suppressed.
To demonstrate the practicability of this new technique, an initial study was conducted to analyze differences in the brain diffusivity of healthy volunteers.
Methods
Diffusion weighted data sets of 46 healthy volunteers were acquired and conventional DTI processing as well as whole brain fiber tractography was performed. Quantitative analysis of selected white matter fiber bundles was then conducted to detect hemispheric differences in the FA of healthy volunteers.
Quantitative fiber bundle-based analysis
The presented quantitative analysis technique is based on the notion to employ fiber bundles in order to prevent adverse interpolation effects [5] that can occur at structure boundaries (e.g. intersection between gray and white matter or different white matter fiber bundles). These interpolation effects are the result of the spatial normalization that is used to align the data sets of individual subjects prior to the quantitative analysis.
Instead of modifying the quantitative values during the spatial normalization, the values are projected onto the fiber tracts ( Figure 1 ) and the spatial normalization is applied only to the tracts. Since fiber tracts are defined by a set of real-valued points in 3D space, the spatial normalization is merely a coordinate transformation that changes the course of the tract, whilst the projected values are preserved. After the normalization, fiber bundles have to be extracted, preferably with (semi-) automatic methods (e.g. using a white matter atlas or prototypes generated from manually selected fiber bundles of interest [6] ). As a result we obtain the fiber bundles for each individual data set in the normalized space, whilst the quantitative values are still projected onto the tracts. Subsequently, quantitative values are gridded for the voxel-wise quantitative analysis. Since the gridding is performed independently for each fiber bundle, contributions of voxels that do not belong to the particular bundles are suppressed and interpolation of quantitative values from different bundles is prevented. For each fiber bundle, the corresponding, individual bundles of all data sets are used to compute reliability maps that define how reliable a voxel can be associated with that particular bundle. The voxel-wise reliability for a fiber bundle is therefore a measure on how many data sets contribute to each voxel of the bundle. Finally, statistical analysis is performed for each bundle in every voxel that is occupied by the bundle. Due to the individual and independent processing of each bundle, not every data set contributes to every voxel. Thus, it might happen that the number of samples per voxels fluctuates (e.g. 28 for group 1 vs. 35 for group 2). This effect is usually more pronounced at the boundaries of the bundles, where the reliability of the bundle is low. To detect statistically significant different regions during the voxel-wise statistics, appropriate tests have to be employed (e.g. permutation test [7] , t-test, et cetera).
Since the applied analysis is a multiple hypothesis testing scenario, adequate correction procedures should be utilized to control statistical errors. As pointed out by Abdi [8] , the Šidák correction might be applied but is overly conservative especially for brain imaging data. The False Discovery Rate (FDR) as introduced by Bejamini et al. [9] might be a more appropriate approach to deal with independent multiple hypothesis testing. The individual processing steps are illustrated in Figure 2 .
Data acquisition and processing

Data acquisition
Diffusion weighted data sets of 46 healthy volunteers were acquired on a clinical 3 T whole-body MRI-Scanner (Tim Trio, Siemens Healthcare, Erlangen, Germany). A conventional twice refocused Echo Planar Imaging (EPI) sequence with four bipolar diffusion gradients to compensate for eddy currents was used [10] . The Diffusion Toolkit [11] was utilized to perform whole brain fiber tractography for every data set. Tracts having a length less than 30 mm were subsequently removed from the data set.
Assessing hemispheric differences in white matter regions
The presented technique was used to assess hemispheric differences in selected white matter tracts of 46 healthy . Non-linear, spatial normalization is performed and fiber tracts are transferred into the normalized space (2) . Using a white matter atlas or fiber bundle prototypes, corresponding, individual fiber bundles are extracted for each data set (3) . The statistical analysis is finally performed for every fiber bundle in every voxel that is occupied by the particular fiber bundle (4).
volunteers. All 46 data sets were flipped from left to right to achieve a superimposition between the bundles of both hemispheres. The resulting two groups of subjects (46 original data sets and 46 flipped data sets) were than used to perform the quantitative analysis as described in section 2.1. FA-Values were projected onto the fiber tracts. Nonlinear co-registration of all 92 data sets was performed with the ANTs framework [12] using the FA maps. An FA template, displacement fields and affine transformation matrices were extracted for all data sets and used to transform the fiber tracts of the individual data sets into the common template space. An atlas of white matter bundles was created using a subset of 30 data sets with the method presented by Ros et al. [6] . 10 bundles were obtained for each data set: forceps major (Fmaj), the frontal projection of the corpus callosum (the forceps minor -Fmin), anterior thalamic radiation (ATR), gyrus part of the cingulum cingulate (CGC), hippocampal part of the cingulum (CGH), cortico-spinal tract (CST), inferior fronto-occipital fasciculus (IFO), inferior longitudinal fasciculus (ILF), temporal part of the superior longitudinal fasciculus (SLFt) and the uncinate fasciculus (UNC).
A voxel-wise quantitative analysis of the FA was then conducted for all bundles. Different statistical tests (permutation tests with 1000 permutations [7] and two-sample t-tests) were investigated. To correct for multiple comparisons the Šidák correction and the FDR [13] were tested with significance level p < 0.01. Only clusters with cluster size > 30 were considered valid clusters.
Results
The quantitative analysis was successfully performed for all fiber bundles and hemispheric differences were observed in various bundles. Results of the quantitative analysis are summarized in Table 1 . For fiber bundles that showed statistically significant differences, the number of voxels and the average FAs of the statistically significant regions for the left and right hemisphere are specified. After application of the Šidák correction or the FDR, results are still significant. The observed differences in FA between some bundles (e.g. anterior part of the cingulum bundle, uncinate fasciculus, etc.) are in accordance with the literature [14] . Results for the hemispheric differences in an exemplary fiber bundle (cingulum bundle) are shown in Figure 3 . By inspecting Table 1 , we observed that the different methods delivered quite similar results. As expected, the more conservative Šidák correction rejected more voxels than the FDR. By using the t-test not all significant differences were detected. This might indicate that the permutation-based analysis is more robust. However, with respect to the computational performance, it is evident that t-tests are more time-efficient. For the permutation-based analysis, 1000 permutations have been computed in every voxel, which lead to longer computation times.
Conclusion
With this contribution we presented a new method for the quantitative analysis of DTI-MRI data sets that uses fiber bundles to enhance the analysis. The method was used to assess hemispheric differences in selected fiber bundles using Fractional Anisotropy (FA) data sets of healthy volunteers. In varies bundles, significant differences were found after correction for multiple comparisons with the Šidák correction and the False Discovery Rate (FDR). The observed differences are in line with the literature. Even though the processing steps are more complex compared to VBM or TBSS, the use of fiber bundles prevents the occurrence of adverse interpolation effects at the boundaries of white matter structures. Additionally it enables the extraction of reliability maps for every bundle that define how reliable a voxel can be associated with the bundle.
In this study, a semi-automatic approach [6] was employed to segment the white matter and extract the fiber bundles. However, we anticipate that cluster analysis techniques [15] might also be employed to extract bundles fully automatically as long as qualified post processing methods are used to match the extracted bundles of different data sets. Figure 3 : Results for the hemispheric differences in the cingulum bundle using the Šidák correction (left) and the False Discovery Rate (right). No statistically differences were found in the blue parts of the bundle. Significant differences are shown in green (before correction) and in red (after correction).
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